Parity violation in p-wave neutron resonances of the palladium isotopes 104, 105, 106, and 108 has been measured by transmission of a longitudinally polarized neutron beam through a natural palladium target. The measurements were performed at the pulsed spallation neutron source of Los Alamos Neutron Science Center. The rms weak interaction matrix elements and the corresponding spreading widths were determined for 104 Pd, 105 Pd, and 106 Pd 
I. INTRODUCTION
The earlier experimental approach to the study of parity nonconservation ͑PNC͒ in light nuclei involved the measurement of a parity violating observable ͑often a forbidden ␥-ray transition͒, and the calculation of the strength of the parity violating transition between two states whose wave functions are calculated with the nuclear shell model. Unfortunately the results are very sensitive to the details of the wave functions. This approach is summarized in the classic review by Adelberger and Haxton ͓1͔. The discovery of very large parity violation for neutron resonances in La, Sn, and Br by the Dubna group ͓2͔ and the subsequent time reversal invariance and parity at low energies ͑TRIPLE͒ measurements ͓3͔ in heavy nuclei led to a new, statistical approach to the study of parity violation in heavy nuclei. The symmetrybreaking matrix elements in compound nuclei are assumed to be random variables. The goal of the PNC experiments is to determine the root-mean-square symmetry-breaking matrix element. This weak matrix element is obtained from a set of longitudinal asymmetries measured for a number of resonances per nuclide. The key point is that the value of the rms matrix element can be obtained without detailed information about the wave functions. For a p-wave resonance at energy E, the longitudinal asymmetry p is defined by
where Ϯ (E) is the neutron cross section for the ϩ and Ϫ neutron helicity states, and p (E) is the p-wave resonance cross section for unpolarized neutrons.
The pulsed spallation neutron source at the Los Alamos Neutron Science Center ͑LANSCE͒ was very well suited for these experiments. Results from the initial TRIPLE measurements are discussed in reviews by Bowman et al. ͓3͔ and Frankle et al. ͓4͔ . A general theoretical review of the enhancement of parity and time-invariance violating effects in compound nuclei is given by Flambaum and Gribakin ͓5͔. Following the preliminary measurements, the TRIPLE collaboration improved the experimental apparatus and developed an improved data analysis method. The early measurements were repeated, and many additional targets were investigated. A brief review with emphasis on the generic aspects of the parity violation enhancement is given by Mitchell, Bowman, and Weidenmüller ͓6͔. A recent, comprehensive review is given by Mitchell et al. ͓7͔ The parity violation measurements are practical only near a maximum of the p-wave neutron strength function. The TRIPLE measurements on 232 Th ͓8͔ and 238 U ͓9͔ are near the maximum of the 4p neutron strength function. To consider the possible mass dependence of the effective nucleonnucleus weak interaction, we performed measurements in the Aϭ110 mass region, where the 3p neutron strength function maximum is located. We have published results for several nuclei in this mass region:
93 Nb ͓10͔, Nb, parity violation effects were observed for all of the odd mass targets that we studied near the 3p neutron strength function maximum. The analysis of the parity violation data becomes much more complicated for targets with nonzero spin. Spectroscopic information ͑including spins͒ for the s-and p-wave resonances is very important. In the absence of this spectroscopic information, averages over the unknown parameters can be performed, but this averaging often leads to a large uncertainty in the value for the rms PNC matrix element.
Here we report on our PNC study on the palladium isotopes. Palladium has one odd mass isotope and several even isotopes. The odd isotope 105 Pd has a high level density as compared with the even isotopes. A large number of new resonances were observed in the transmission experiment with a natural target, but their assignment to a specific isotope required additional measurements. These measurements were performed with isotopically enriched targets and a ␥-ray detector array ͓18͔. In addition, many resonances that were not observed in the natural target due to overlapping resonances were clearly observed with the isotopically enriched targets. These spectroscopic results are described in a recent paper by Smith et al. ͓19͔ . Earlier PNC measurements on enriched 106 Pd and 108 Pd using the ␥-ray detector array were reported by Crawford et al. ͓20͔ . In this paper we combine these earlier results with the results from the present transmission PNC measurement and the extensive spectroscopic measurements.
In Sec. II the experimental methods for the parity violation measurements are described. The experimental results are presented in Sec. III, while the analysis to obtain the longitudinal asymmetries is discussed in Sec. IV. The extraction of the PNC matrix elements and the weak spreading widths is described in Sec. IV and the results for the palladium isotopes are given in Sec. V. The final section presents a brief summary and conclusions.
II. EXPERIMENTAL METHOD
Measurement of the PNC asymmetries was performed at the Manuel Lujan Jr. Neutron Scattering Center. The pulsed spallation neutron source is described by Lisowski et al. ͓21͔ . The initial experimental system to measure PNC effects at LANSCE was developed by the TRIPLE Collaboration ͓22͔. The flux monitor ͓23͔, the polarizer ͓24͔, the spin flipper ͓25͔, and the neutron detector ͓26͔ are described in separate papers. The polarized epithermal neutron beam line for the present PNC experiments is described in Ref. ͓12͔. The measurements were performed on flight path 2, which views a gadolinium-poisoned water moderator and has a cadmium/ boron liner to reduce the number of low-energy neutrons in the tail of the neutron pulse. The neutrons are then collimated to a 10-cm diameter beam inside a 5-m thick biological shield. A 3 He/ 4 He ion chamber system ͓23͔ is used as a flux monitor. The neutron flux is measured for each neutron burst. These flux measurements are used to normalize the detector rates. The neutrons then pass through a polarizedproton spin filter ͓24͔. Due to the difference in the singlet and triplet n-p cross sections, neutrons with one of the two helicity states are preferentially scattered out of the beam. The longitudinally polarized neutron beam has a polarization of f n Ӎ70%. The neutron spin was reversed ͑every 10 s͒ by a spin reversal device consisting of a system of magnetic fields ͓25͔. Approximately every two days the overall neutron spin direction was changed by reversing the polarization direction of the proton spin filter.
PNC effects in palladium were measured by transmitting the neutron beam through a sample located at the downstream part of the spin flipper. The cylindrical sample of natural palladium had an areal density of 5.40 ϫ10 23 atoms/cm 2 . The measurements were performed both at room temperature and at 77 K. The 10 B-loaded liquid scintillation detector ͓26͔ was 56.7 m from the neutron source. This detector has an efficiency of 95%, 85%, and 71% at neutron energies of 10 eV, 100 eV, and 1000 eV, respectively. The neutron mean capture time in the detector is 416Ϯ5 ns.
The data acquisition process is initiated with each proton burst. After the detector signals are linearly summed and filtered, an analog to digital converter ͑ADC͒ transient recorder digitally samples the summed detector signal 8192 times in intervals determined by the filtering time. These 8192 words are added to a summation memory for 200 beam bursts before being stored. This process is repeated 160 times. This data set is treated as a unit for data analysis and corresponds to about a 30-minute ''run.'' For palladium 259 runs with a channel width of 100 ns were used in the final analysis.
III. EXPERIMENTAL DATA
The natural palladium time-of-flight ͑TOF͒ spectrum in the energy region approximately 60-160 eV is shown in Fig.  1 . Many new resonances were observed in the transmission spectrum of the natural target and the assignment of these new resonances to a particular palladium isotope was a challenge. The stable isotopes of palladium are Pd ͑11.72%͒. Isotopic identification was achieved by a combination of measurements on isotopically enriched targets using the ␥-ray detector. The details of this procedure and the final spectroscopic results are given by Smith et al. ͓19͔ . Resonance parameters were determined by analysis of the data summed over both helicity states. Background and dead time corrections were applied as described by Crawford et al. ͓9͔ . The shape analysis was performed with the code FITXS ͓27͔, which was written to analyze the TOF spectra measured by the TRIPLE collaboration. The multilevel, multichannel formalism of Reich and Moore ͓28͔ was used for the neutron cross sections, which were convoluted with the TOF resolution function developed by Crawford et al. ͓9͔ . The final fitting function is
where D ͑t͒ is the Doppler-broadened total cross section, B t (t) is the instrumental response function ͑which includes line broadening due to the initial width of the pulsed beam, neutron moderation, finite TOF channel width, and mean time for neutron capture in the detector͒, ␣/E 0.96 is the energy-dependent neutron flux, and the second term represents a polynomial fit to the background. ͑The symbol indicates a convolution.͒ The fitting procedure is described at length by Crawford et al. ͓9͔ . The neutron resonance energies, g⌫ n widths, and radiative widths are obtained from this analysis. Resonance parameters for 104, 105, 106, 108 Pd are listed in Tables I-IV. After determining the resonance parameters, the experimental asymmetries ( f n p)
were fitted separately for the ϩ and Ϫ helicity TOF spectra.
Here p f n Ϯ is the experimental neutron cross section for the ϩ and Ϫ neutron helicity states, and f n is the absolute value of the neutron beam polarization. The value of f n was determined in a separate study of the well-known longitudinal asymmetry of the 0.75-eV resonance in lanthanum ͓31͔. Although the quantities ( f n p) ϩ and ( f n p) Ϫ should differ only by a sign, statistical or systematic uncertainties may introduce an additional difference. The asymmetry p defined by Eq. ͑1͒ was calculated as
The Pd there are two entries for A J for all resonances for which the longitudinal asymmetry was measured, corresponding to the two possible spins for which the ''weak mixing'' is possible. ͑The spins of the p-wave resonances are unknown.͒ For the spin-zero isotopes, the amplification factors are listed only for the spin-1/2 p-wave resonances, since in this case weak mixing is possible only for spin-1/2 resonances. The analysis to determine the PNC asymmetries in palladium was performed on the summed data. The values of the longitudinal asymmetries p are listed for four palladium isotopes in Tables I-IV. 
IV. ANALYSIS
A detailed description of the analysis of the PNC cross section asymmetries is given by Bowman et al. ͓32͔ . An example of the application of this analysis method for Iϭ0 targets is given in our study of uranium ͓9͔ and an example of the method for I 0 targets in our study of silver ͓12͔. A key point is that the observed PNC effect in the p-wave resonance in question is due to contributions from a number of neighboring s-wave resonances. Since there are several mixing matrix elements but only one measured asymmetry, one cannot obtain the individual matrix elements. However, if the weak matrix elements connecting the opposite parity states are random variables, then the longitudinal asymmetry is also a random variable. The variance M 2 of the weak matrix elements-the mean square matrix element of the PNC interaction-can be determined from the distribution of the asymmetries. The analysis depends on the spectroscopic parameters. Our approach to the likelihood analysis is to include all available spectroscopic information and then to average over any remaining unknowns. Additional spectroscopic information reduces the uncertainty in the rms value of the weak matrix element. However, in practice the major contribution to the uncertainty in the rms weak matrix element arises from statistical limitations-the small sample size. Since we usually observe only a very few PNC effects per nuclide, the resulting likelihood distribution is broad.
The observed asymmetry for a given p-wave level has contributions from a number of s-wave levels , and the PNC asymmetry is
where g 1/2 and g are the neutron decay amplitudes of levels and (g 2 ϭg 1/2 2 ϩg 3/2 2 ϵ⌫ n and g 2 ϵ⌫ n ), E and E are the corresponding resonance energies, and V is the matrix element of the PNC interaction between levels and . In the following we assume that the total neutron widths and the resonance energies are known. 
The probability density function of the longitudinal asymmetry p is
where G represents a Gaussian function. If the experimental asymmetry is p and the a priori distribution of the rms matrix element is P 0 (1/2), then
and one obtains the final expression
If the p-wave resonance spins are unknown, then there is one term for the spin-1/2 resonances that can show parity violation and one term for the spin-3/2 resonances that can- not show parity violation. One weights the two terms according to the level density. The likelihood function is the sum of the two terms:
where p(1/2) and p(3/2) are the probabilities that Jϭ1/2 and Jϭ3/2, respectively. The relative probabilities p(J) are estimated using the standard statistical model prescription for the J dependence; see, for example, the discussion by Bowman et al. ͓32͔ . Of course when J is known then the probability vanishes except for the one known J value. The likelihood function in Eq. ͑10͒ is not normalizable unless P M J (M J ) goes to zero for large M 1/2 . This difference is due to the Jϭ3/2 terms, which are independent of M 1/2 and lead to a divergent normalization integral. In practice we assume that the prior P 0 (⌫ w ) is a constant up to some value and zero above this value. Since we have measured weak spreading widths in a number of nuclei, we know that the weak spreading width is unlikely to be more than about 5 ϫ10 Ϫ7 eV. For the present calculations we used a constant prior below 10ϫ10 Ϫ7 eV and zero above this value. In this method one directly determines the rms matrix element.
The uncertainties on ⌫ w were obtained by the method of Eadie et al. ͓33͔ of evaluating the confidence interval by solving the equation
where ⌫ w * is the most likely value and ⌫ w Ϯ gives the confidence range.
The problem for I 0 targets is much more complicated. For 105 Pd with Iϭ5/2, s-wave resonances can be formed with spin 2 or 3, while the p-wave states can have spins 1, 2, 3, or 4. Only the spin 2 and 3 states can show parity violation. Since the rms PNC matrix element M may depend on J, we label the matrix element as M J . In the absence of spin information we assume that the spreading width is independent of J and fit directly to the spreading width.
If the spins of all s-wave resonances are known, but not the spins of the p-wave levels, then the factor A can be evaluated if the p-wave spin is assumed. A ϭA (J) depends on the spin sequence assumed because only those s-wave levels with the same spin as the p-wave level mix to produce parity violation. The likelihood function is obtained by summing over p-wave level spins, which parallels the procedure for Iϭ0.
The entrance channel neutron jϭ3/2 and jϭ1/2 amplitudes are essentially always unknown. This uncertainty is accounted for statistically by using the average value of the ratio of S 3/2 1 and S 1/2 1 strength functions, which is described by the parameter a (aϭ1.00 for palladium ͓34͔͒.
Due to the different level densities D J , the rms PNC matrix element may be different for JϭIϮ1/2 states. We assume that ⌫ w is independent of J. The likelihood function can be expressed as a function of the weak spreading width,
where M J should be written as a function of the weak spreading width
Once ⌫ w is determined, the weak matrix element M is obtained directly from this equation. Since the level densities for Jϭ2 and Jϭ3 are not very different and have appreciable uncertainties, we use the average level density and quote only one value of M. In order to be consistent, one should use the weak spreading width as the variable throughout, and transform the prior
The change of the argument and the prior does not change the final ͑most likely͒ value of the matrix element, but does change the corresponding errors because of the nonlinear relationship of the variables M J and ⌫ w . Thus for I 0, usually one must formulate the problem in terms of the spreading width, and then determine the weak matrix element from the spreading width. ͑The only exception is when there is complete spin information.͒ This contrasts with the approach for Iϭ0, where one determines directly the most likely value of the rms matrix element, and then calculates ⌫ w from the known matrix element and the level density.
V. RESULTS
Parity violating asymmetries were observed in 104, 105, 106 Pd. For the even-even palladium isotopes, the level spacings are about 200 eV, or about 10 times larger than the spacings for the heavy even-even nuclides 232 Th and 238 U that we studied earlier ͓8,9͔. Therefore one expects the size of the PNC effects to be correspondingly smaller. Pd require special consideration. There is a 3.5 asymmetry in a weak p-wave resonance at 156.9 eV and a 4 asymmetry in a strong resonance at 593.4 eV. The orbital angular momentum of the latter resonance is uncertain, since it has nearly equal probability to occur in Porter-Thomas distributions of neutron widths for s-and p-wave resonances. The PNC asymmetry ͑assuming the p-wave assignment͒ for this resonance alone yields a weak matrix element of 10.9 meV ͓35͔ and a weak spreading width nearly an order of magnitude larger than any observed in 15 other nuclei. The experimental results for M and ⌫ w are listed in Table V for the nuclei studied by the TRIPLE Collaboration. The PNC asymmetry in the 156.9-eV resonance alone gives a smaller and more reasonable value of M J . The simplest explanation is the existence of a doublet of p-and s-wave resonances at 593 eV. Since there is no information concerning the energy separation and the strengths of the doublet components, the PNC information obtained from the 593-eV resonance was omitted from the subsequent analysis.
For the even-even palladium isotopes the analysis is straightforward and one can determine the weak matrix element directly. However, since there are only a few statistically significant effects, the uncertainties are large. Fig. 2 . The width of the transmission dip near 83.1 eV is wider than the width of the resonance at 72.5 eV. The results listed in Table II Pd, due to its higher level density. However, since there are four primary even-even isotopes ( 104, 106, 108, 110 Pd) the assignment of these new resonances required studies of isotopically enriched targets. Measurements on these targets were performed with a ␥-ray detector array, and the resulting spectroscopy of the palladium isotopes was discussed by Smith et al. ͓15͔ .
For the even isotopes that showed PNC effects ( 104 Pd and 106 Pd), the data were analyzed directly in terms of the rms weak matrix element and the weak spreading width determined from Eq. ͑13͒. For the odd mass nuclide 105 Pd the asymmetries were fitted with the weak spreading width as the free parameter using Eq. ͑12͒. The rms weak matrix element was then determined from the spreading width. For 104 Pd, 105 Pd, and
106
Pd the matrix elements are of order ϳ1 meV and the weak spreading widths are of order ϳ1ϫ10 Ϫ7 eV. As shown in Table V palladium isotopes are typical for this mass region. Except for one anomalously small value ͑for 133 Cs) the set of measured weak spreading widths are consistent with a constant value. A least squares fit yields a best value of ϳ1.8 ϫ10 Ϫ7 eV. Therefore the PNC results for the palladium isotopes agree with the larger body of parity violation measurements.
